Abstract. We examine Simplified Models in which fermionic DM interacts with Standard Model (SM) fermions via the exchange of an s-channel scalar mediator. The single-mediator version of this model is not gauge invariant, and instead we must consider models with two scalar mediators which mix and interfere. The minimal gauge invariant scenario involves the mixing of a new singlet scalar with the Standard Model Higgs boson, and is tightly constrained. We construct two Higgs doublet model (2HDM) extensions of this scenario, where the singlet mixes with the 2nd Higgs doublet. Compared with the one doublet model, this provides greater freedom for the masses and mixing angle of the scalar mediators, and their coupling to SM fermions. We outline constraints on these models, and discuss Yukawa structures that allow enhanced couplings, yet keep potentially dangerous flavour violating processes under control. We examine the direct detection phenomenology of these models, accounting for interference of the scalar mediators, and interference of different quarks in the nucleus. Regions of parameter space consistent with direct detection measurements are determined.
Introduction
The quest to uncover the identity of dark matter (DM) is one of the key challenges facing fundamental physics. Of the many types of dark matter candidates proposed, Weakly Interacting Massive Particles (WIMPs) are singled out as theoretically compelling candidates that can be meaningfully probed in current and forthcoming experiments. Indeed, the absence of a dark matter signal in the LHC run I data, together with complementary constraints from direct and indirect detection searches, has already excluded a non-trivial portion of the WIMP parameter space. The dark matter community is thus eagerly awaiting new data pertaining to the higher energy collisions of the LHC run II.
In order to interpret the results of these experiments, it is crucial to have a suitable framework to describe DM interactions with Standard Model (SM) particles. To this end, Effective Field Theories (EFTs) were used in many of the LHC 8 TeV analyses. However, while an EFT approach is valid for low momentum transfer processes such in dark matter direct detection, it will break down at energy scales comparable to or larger than that of the new physics. Their use for LHC dark matter searches is thus not optimal, given the WIMP energy scale is expected to be comparable to the EW scale and hence directly accessible at the LHC. Indeed current LHC limits on the EFT energy scale fall in the range Λ ∼ O(GeV-TeV) [1] [2] [3] [4] [5] [6] .
To remedy this issue, Simplified Models have been developed as a superior alternative that retain some of the desirable features of the EFTs (simple generic descriptions that approximate the relevant phenomenology of a broad spectrum of UV complete models) while remaining valid at higher energy scales. They do this through the explicit introduction of a particle that mediates the interactions of DM with SM fermions. The benchmark simplified models, outlined in the report of the LHC DM Forum (DMF), involve fermionic dark matter interacting via the exchange of a neutral spin-0 s-channel mediator, a neutral spin-1 s-channel mediator, or a charged spin-0 t-channel mediator [5] [6] [7] [8] [9] [10] [11] [12] .
While these simplified models are a definite improvement over the EFT approach, they are still not ideal. Indeed, some of the benchmark simplified models outlined by the DMF are clearly inadequate, as they are not gauge invariant and hence are not renormalizable. Issues associated with the lack of gauge invariance (with respect to both SM and dark-sector gauge groups) have been discussed in [13] [14] [15] [16] [17] [18] [19] . For example, models that involve the exchange of a spin-1 mediator (Z ) with axial-vector couplings to fermions is not gauge invariant unless a dark-Higgs is introduced to unitarize the longitudinal component of the Z [17, 18, 20, 21] . The minimal self-consistent scenario involving an axial vector mediator must then be expanded to include two mediators -the Z and scalar. The single mediator benchmark simplified models do not accurately capture the phenomenology of such two mediator models.
In this paper we consider the case of an s-channel scalar mediator. The most simplistic version of this scenario involves the introduction of a single new scalar, S, which mediates interactions between χχ and f f . However, because we assume the DM is not charged under the SM gauge symmetries, while f f = f L f R + h.c. transforms as a SU (2) L doublet, this setup is not gauge invariant. This problem can be solved by mixing of the singlet scalar with the SM Higgs doublet, as in Refs. [22] [23] [24] [25] [26] [27] [28] [29] [30] . Like the Z mediator case discussed above, we are thus forced to consider a two mediator model. However, as one of the two mixed scalar mediators is actually the SM Higgs boson, the parameter space of this model is quite constrained by measurement of the Higgs properties, and because all couplings to SM fermions are restricted to be proportional to SM Yukawa couplings.
This motivates a scenario in which the singlet scalar mixes not with the SM Higgs doublet, but with an additional doublet in a two Higgs doublet model (2HDM). The extension to 2HDM plus singlet has the advantage that we can approximately decouple the SM Higgs from the two mixed scalars that participate in DM interactions. Therefore, compared with the SM Higgs + singlet case:
• a greater range of scalar masses is possible, as neither of the two mixed scalars must have the 125 GeV mass of the SM Higgs
• the couplings of the additional scalars to the SM fermions is not necessarily dictated by the SM Yukawa couplings.
In particular, we shall explore the scope for having different proportionality constants for the up-type quarks, down-type quarks and leptons, or flavour dependent couplings that are not proportional to the Standard Model Yukawa couplings. Note that 2HDMs are very well motivated, arising in SUSY, GUTs and other extensions of the SM, and have been extensively studied [31] [32] [33] [34] . The inclusion of an extra singlet scalar, 2HDM+S, occurs in the NMSSM version of SUSY [35] , where in that application the singlet scalar is added to solve the µ problem [36, 37] . While the 2HDM+S scenario [38] [39] [40] will allow a broader range of phenomenological possibilities for our dark matter application, it will also be subject to constraints. Chief among these, as with all 2HDMs, will be flavour changing bounds. We must therefore choose particular schemes in which potentially dangerous flavour changing couplings are kept under control, as will be discussed in detail below.
We shall explore the phenomenology of these mixed scalar mediator models to determine viable regions of parameter space that are consistent with current direct detection bounds. One feature of such models will be the interference of the amplitudes governed by the two mediators, which in some cases will lead to relative cancellation and hence suppression of cross sections. Such destructive interference is a generic feature of multi-mediator models, and has been discussed in Refs. [20, 24, 41] , for the SM Higgs + singlet case. In our case, the effect is expanded to cover scalar masses that are unrelated to that of the SM Higgs. In addition, relative cancellations of contributions from different quarks will also suppress direct detection cross sections in some of the scenarios we consider.
The parameter space which survives the direct detection bounds will be of interest in the upcoming LHC run II analyses. Note that it is non-trivial to recast existing mono-X bounds to apply to the mixed scalar, due to the presence of the two interfering mediators (the exception, of course, is where one of the scalar mediators can be taken to decouple, effectively leaving a single mediator) and also due to the presence of additional signals, such as W/Z + MET and VBF + MET, which would contribute to the jets + MET signal. We defer a detailed collider analysis of the mixed scalar scenario to a future publication.
For scalar mediator models, indirect detection signals are expected to be too small to provide interesting constraints, as all the DM annihilation modes are p-wave suppressed by a factor of v 2 ∼ 10 −6 in the present universe (The p-wave suppression applies to both the χχ → f f annihilation via a scalar mediator, and also the χχ → SS annihilation to a pair of scalars [42] ). Note, though, that p-wave processes may play a role at freezeout where the v 2 suppression factor is much less severe. Even so, it will be difficult to obtain the correct relic density in the SM Higgs + singlet model, except perhaps on resonance. The less restrictive 2HDM+S model allows more freedom to reproduce the correct relic density, either via an s-channel resonance in χχ → f f (i.e. 2m χ m S , where m S is the mass of one of the mixed scalar states) or via annihilation into the scalars. Of course, adding additional particles into which the DM can efficiently annihilate, and which ultimately decay to the SM, is a way one can always fix the relic density, albeit at the expense of simplicity.
The case of a pseudoscalar mediator is very closely related to the scalar mediator models we consider. As with the scalar, the interaction of gauge singlet χχ with an f γ 5 f bilinear can only occur via the mixing of a SM-singlet pseudoscalar with an SU (2) L doublet. However, given that the SM contains no pseudoscalar (after electroweak symmetry breaking), a mixed pseudoscalar plus 2HDM is the minimal scenario. Such models are discussed in detail in [43] [44] [45] [46] [47] [48] .
For the sake of clarity we shall use the following naming scheme to refer to the various scalar mediator models:
• Singlet scalar model (S). This is the non gauge invariant, single mediator, Simplified Model.
• Singlet scalar plus SM Higgs mixing model (H+S).
• Singlet scalar plus two Higgs doublet model (2HDM+S).
The outline of the paper is as follows: We discuss the S and H+S models and their constraints in Section 2, and outline possible 2HDM+S extensions to these scenarios in Section 3. Direct detection bounds on all models are presented in Section 4.
Restoring Gauge Invariance in S-channel Simplified Models
The simplified models used by ATLAS and CMS for Dark Matter Searches (and included in recommendations for Run 2 [9] ) are usually defined after electro-weak symmetry breaking. The standard framework for imposing MFV is to require that all couplings to quarks are proportional to the Standard Model Yukawas couplings, y i [5, [7] [8] [9] . The resulting Lagrangian is
where χ is the DM, q i are the SM quarks, and S is a singlet scalar mediator. The interaction part of the potential, V int (S), is usually neglected. This Lagrangian is not invariant with respect to the SU (2) L × U (1) Y gauge symmetries. If χ is a SM singlet, the Sχχ vertex requires S to also be a singlet. However, the SM bilinearsQ L u R andQ L d R are not SM singlets, and can couple only to scalars that have the same quantum numbers as a Higgs doublet. Gauge invariance can be restored by allowing the singlet scalar S to mix with either the SM Higgs (H+S model), or with an additional Higgs doublet (2HMD+S model). We shall outline the H+S model, and its constraints, and then turn to investigate whether it is possible to relax those constraints in the more general 2HDM+S framework.
In the H+S model, the scalar potential before EW symmetry breaking is given by
This potential is stable for λ HS > − 2 3 λλ S , where λ is the SM Higgs quartic coupling. One may impose a Z 2 symmetry on the potential for S, thus discarding the S 3 and Φ † ΦS terms. Although we shall make this choice for simplicity, we note that including these additional parameters could allow more freedom to enhance certain signals.
To permit the new scalar to couple to quarks, it needs to mix with the Higgs after EWSB, which requires that λ HS , φ = v and S = w are nonzero. The condition M 2 SS > 1 2 λ SH v 2 guarantees that S acquires a vev. Defining the fields after symmetry breaking as
3) the mass matrix becomes
This mass matrix can be diagonalised via a rotation to the mass eigenstate fields, h = cos h +sin s and s = − sin h + cos s . As the Higgs Boson observed at the LHC is very SM-like, we take the mixing angle to be small by considering only small values for λ SH . In this limit the mass eigenvalues are
with mixing angle
The h − s mixing allows both the h and s couple to Standard Model fermions and dark matter
The quark-s couplings coincide with the ones of eq. ((2.1)) with
In this model, the proportionality constant g q is universal across generations. Indeed, the same proportionality constant applies not only for up and down quarks, but also for leptons. Importantly, both s and h mediate interactions between quarks and DM, so we have a two-mediator model. When m χ < M h /2, the decay of the SM Higgs to DM gives a contribution to the Higgs invisible width of 
All Standard model processes are only affected at second order in (apart from the ones involving Higgs cubic and quartic couplings). Nonetheless, this model is highly constrained by SM physics. For instance, precision electroweak constraints place upper limits on the mixing angle that range from | sin | < 0.4 when M S ∼ 200 GeV, to | sin | < 0.2 when M S ∼ 1000 GeV [27] .
Benchmark studies for this model can be found in [24, 25] , and relevant diagrams for monojet+ / E T and tt + / E T are shown in Fig. 1 . In addition, this model can lead to mono-W/Z + / E T , V BF + / E T and even mono-Higgs+ / E T processes, provided that we keep all the new terms arising from the scalar potential. Mono-Higgs processes depend on the trilinear vertices hhS and hSS, and the relevant Feynman diagram is shown in Fig. 2 .
The Monojet and tt + / E T sensitivity for the H+S model can be roughly estimated by rescaling that for the singlet S model, using Note that such a rescaling assumes the cross section are dominated by the new scalar mediator. If both the s and h mediators contribute, interference effects make such a rescaling invalid. Also note that this does not account for the contribution of the vector boson fusion operators of eq. (2.10) to the cross section in the H+S model, so this approximation is valid as long as such operators are subdominant. The singlet S model has a rather small cross section, therefore the current exclusion limits are weak. CMS limits derived from bb + / E T , tt + / E T and jV + / E T , V →final states are reported in [52] [53] [54] while ATLAS limits can be found in [55, 56] . CMS has nearly reached the sensitivity to exclude low mass mediators, for g sens q ∼ 1. Using eq. (2.11), we estimate that the cross sections for the H+S model will be smaller by a factor of sin 2 /(g sens q ) 2 1/6.25. This will make the model much harder to exclude, as it would require a luminosity roughly 6.25 2 ∼ 39 times larger than for the singlet model, assuming a statistically limited scenario.
Going beyond with 2HDM(+S)
We now explain how to go beyond the standard set-up for section 2, in a scenario where gauge invariance is retained, but restrictions imposed by SM Higgs properties are relaxed or removed. In particular we shall explore the scope to:
• Have greater freedom for the couplings of the scalar mediator(s) to the SM fermions, including different proportionality constants for the coupling to the up quark, down quark and leptons sectors, or flavour-dependent couplings not forced to be proportional to SM Yukawa couplings.
• Have a range of scalar masses unconnected to the SM Higgs mass.
To achieve these aims, additional freedom with both the scalar mixing and Yukawa couplings is required. This can be achieved by adding a second Higgs doublet, thereby expanding the scalar sector to that of a 2HDM [31] plus a singlet scalar 1 . Below, we shall analyse the scalar spectrum of this scenario, and outline possible Yukawa structures that are consistent with flavour constraints.
In doing so, we shall need to review and expand the pertinent features of 2HDMs; Readers who are familiar with 2HDMs may wish to skip to the direct detection analysis in section 4.
2HDM+S Scalar Spectrum
The most general scalar potential we consider is
where 2
To reduce the complexity of this model, we make several simplifying assumptions which are common with those made in many 2HDM studies. We assume CP is conserved in the Higgs sector, and is not spontaneously broken by a relative phase between the vevs of the 2 doublets. This implies that M 12 , λ 5 , µ 12S , λ 12S are real. We also impose a Z 2 symmetry on the potential V 2hdm , under which one of Φ 1,2 is odd while the other is even, eliminating the λ 6,7 terms. However, we allow the Z 2 symmetry to be broken by soft terms, and thus keep the M 12 term. Moreover, as we are interested in 1 Note that such a Higgs sector also arises in the NMSSM, where an additional singlet is added to solve the µ problem. In the NMSSM, however, the 2HDM couplings are forced to be of Type-II, while we will consider a broader and less restrictive range of Yukawa structures.
2 Note that there are different conventions for the normalization of these coefficients; we have chosen the convention assumed in [31] .
building up a simplified model, we are primarily interested in the scalar mass spectrum and mixing, but not the scalar interactions. From this point of view, the parameters λ ijs and µ ijs are equivalent 3 so we choose to set the latter to zero. The same is true for M SS and µ S , so we discard the latter. By writing the fields as
and using the mimima condition for the potential, we can eliminate the parameters M 11 , M 12 , M SS and replace them with v 1 , v 2 , v S . The mass matrix for the scalars is built by a 2x2 block for the charged scalars (one of which will be the SM Goldstone boson G + for the W ), a 2x2 block for the pseudoscalars (one of which will be the SM Goldstone boson G 0 for the Z) and a 3x3 block for the 3 scalars. Defining the ratio of vevs in the usual way,
the non-zero eigenvalues for the physical charged scalar and pseudoscalar are
It is useful to perform a rotation to the so called "Higgs basis" where only one doublet obtains a vev
The mass matrix for the scalars in the {h, H, S} basis is
where
and we have defined λ 345 = λ 3 + λ 4 + λ 5 .
We shall now impose the alignment limit [57, 58] in the context of this model, as this is the experimentally favoured configuration in which one of the scalars couples like the SM Higgs boson. In a standard 2HDM, the definition of alignment limit is that M ρ hH = 0 so that both h and H are mass eigenstates 4 . In the case of the 2HDM+S, the presence of 3 mixed scalars makes the alignment limit more complicated. We shall enforce alignment by requiring that M ρ hH = M ρ hs = 0, which implies 19) and sets the h in Eq. (3.9) to be the mass eigenstate which corresponds to the SM Higgs, with
While some deviation from exact alignment would be compatible with current Higgs measurements, we adopt this approximation for simplicity. The remaining 2x2 matrix can be diagonalized to obtain mass eigenstates {S 1 , S 2 }, with eigenvalues and mixing angle given by
We can now rewrite the Lagrangian in terms of the mass eigenstates using Eqs. 3.9,3.10 and
2HDM+S Lagrangian
The 2HDM+S scenario is described by the following Lagrangian 27) 4 In 2HDM, the alignment limit can arise naturally in the presence of a softly broken CP2 symmetry [59] [60] [61] [62] that
λ345 (or λ1 = λ2 = λ345 for the normalization used in this paper). However, in the presence of the additional singlet we are not aware of the existence of any symmetry that can make this alignment to arise naturally. Nonetheless, we enforce it by requiring the non-diagonal entries of the first row/column of Eq. where V = W, Z, and we have neglected to write down the 3 and 4 point scalar interactions, and 4 point S 2 i V 2 interactions. The parameters f depend upon the choices made for the Yukawa couplings to the two doublets, and will be discussed in detail in the following subsections. They are given in Table 1 for a number of common 2HDMs Yukawa structures.
For the purpose of DM phenomenology, the important terms in the Lagrangian are the coupling of the DM and SM fermions to the two mixed scalars, S 1,2 . These terms have a similar form to the H+S model of section 2, but now neither mediator is the SM Higgs, and greater coupling freedom has been obtained. The price we pay for this additional freedom is the introduction of flavour changing interactions. While L s and L DM are the relevant terms for direct detection and collider mono-jet searches, the full Lagrangain should be used if one wishes to impose complementary limits (like mono-W/Z, mono-Higgs, heavy resonances). Flavour constraints will arise primarily from L A,H + .
If there is some hierarchy between the 2 scalar masses (for example, M 2 ∼ 5TeV, M 1 ∼ 500 GeV), interactions will be dominated by the exchange of the lighter scalar, while the heavier one can be approximately decoupled. In this limit we reproduce the structure of the singlet scalar model, from a gauge invariant framework, while retaining additional coupling freedom. In general, both scalar mediators will need to be retained.
Yukawa structure
The Yukawa interactions of the SM fermions with the Higgs doublets can be expressed as
As in standard 2HDMs, we shall need to choose Yukawa structures that keep potentially dangerous flavour violating processes under control. We outline the possibilities below, and explore the dark matter phenomenology of these choices in section 4 by determining direct detection constraints.
Type I,II,X and Y
In 2HDMs of type I, II, X and Y, flavour violating processes are suppressed by imposing a symmetry which permits each type of fermion (up quarks, down quarks and leptons) to couple to only one of the Higgs doublets. This hypothesis is called Natural Flavour Conservation (NFC), and together with MFV guarantees that FCNCs are strongly suppressed. However, the presence of the charged scalar H + still allows FCNCs at loop level. This places some constraints on the parameter tan β, that is otherwise experimentally unconstrained in the Higgs-alignment limit.
In type I, all SM fermions couple to Φ 2 , while in type II the up quarks couple to Φ 2 and the down quarks and leptons couple to Φ 1 . Type X and Y have the same quarks coupling as type I and II respectively, but the leptons couple to the opposite doublet. Therefore, at large tan β, Type I and Y will be less constrained by di-lepton resonance searches than Type X and II (which, respectively, have the same quark couplings).
Type III models and Minimal Flavour Violation
In type III 2HDMs, there is no symmetry to forbid the fermions from coupling to both doublets, and so no NFC assumption. It is well known that in type III 2HDMs, in absence of some additional mechanism, FCNCs can arise at tree level. To avoid this we will implement Minimal Flavour Violation (MFV), adopting the most general version of MFV following [63, 64] . For the type III scenario, it makes no sense to use the basis Φ 1,2 so we will instead work in the Higgs basis Φ h,H where it will be easier to describing the couplings. Rewriting Eq. (3.28) in this basis we have have to be the SM Yukawa matrices. Written in an arbitrary fermion basis, these are arbitrary 3x3 complex matrices that only need to reproduce the right mass eigenvalues and the CKM matrix. We can choose to work in the basis where they can be written as
where D(x i , ..., x j ) indicates a diagonal matrix where x i , ..., x j are the diagonal elements. To have minimal flavour violation, we need to impose [63, 64 ] 
, this results in the following Yukawa structure
This Yukawa structure guarantees that it is possible to simultaneously diagonalize the masses of the fermions and their Yukawa couplings to both doublets. Note that unfortunately this structure is not RGE invariant. Identifying all the allowed coupling patterns that avoid FCNCs and are stable under quantum corrections is beyond the scope of this work. Here we simply point out that there are possible coupling patterns beyond the type I and II 2HDMs. We shall illustrate two specific type III examples below, the Aligned model and a 2-generation model. A futher type III possibility, with approximate alignment, is discussed in Appendix C.
Aligned 2HDM+S
The Aligned 2HDM [65, 66] is a type-III 2HDM that interpolates between Type I and II. While Type I,II models impose a symmetry to force the fermions to couple to only to one of the two doublets, 
Model
where i = u, d, l and 0 ≤ γ u,d,l < π are arbitrary angles 6 . By requiring the fermion interactions with the Higgs are the same as in the SM, we identify the coupling to the 2nd doublet 39) and similarly for d, l. With this identification, the fermion couplings to the new doublet differ from the SM Yukawa couplings by an overall scaling factor, tan γ i , where γ i can take different values for u, d, l. This arrangement clearly satisfies the simultaneously diagonalizable requirement of type III models that respect MFV. One can observe that in principle it is possible for the b-quark to couple more strongly to the S 1,2 mediators than the t-quark (this is true also for Type II with large tan β) which suggests the possibility of different experimental signatures. In fact, 2HDM of type I, II, X and Y can be recovered with particular choices for the angles γ i , as listed in Table 2 .
Coupling to only the first 2 generations (2gen-2HDM+S)
Until now, all our models have had couplings to quarks that are proportional to the SM Yukawa couplings. As a consequence the t and b quark couplings will be dominant, as all other couplings will be suppressed by a factor of at least
. Thus all the relevant collider phenomenology will be dominated by initial states with gluons and maybe b quarks, and only final states with g, b jets or top quarks. On the other hand, most flavour constraints that enforce this Yukawa structure are coming from the couplings to the third generation of quarks. Thus it might be interesting to understand what happens to flavour constraints when one turns off the couplings to the third family of quarks. Logically, in such case the phenomenology will be completely different, as b, t will not be present in the initial and final states, and also gg initial states with top loop diagrams will no longer contribute.
Ref. [69] 
Therefore, a possible Yukawa structure for the additional doublet that may avoid flavour constraints is 7 The new doublet therefore couples to the first 2 generations of quarks only, with equal strength. We neglect the leptons for convenience, as they can always be taken to be flavour diagonal (or zero) such that no FCNCs arise in the lepton sector. This structure has been chosen because it is orthogonal to the one of the SM Yukawa matrices, that, in the same basis, are
43)
This is a convenient form 8 that strongly suppresses FCNCs, as they must be proportional either to one of the small parameters y u , y d , y s , y c or to at least one of the small CKM matrix elements, V 13 , V 23 , V 31 , V 32 . We can check that this Yukawa structure doesn't induce large FCNC, provided A 0.1 and B 0.01, by solving the RGE using the formalism of [76, 77] . This is done in Appendix B. Note the this structure can therefore be used to obtain couplings for c, s, d, u that, respectively, are up to 13, 18, 400, 7500 times larger than in the SM. Given these enhanced couplings, we therefore expect these models will be subject to much tighter direct detection constraints, unless some relative cancellation or interference occurs.
Direct Detection
Direct Detection (DD) is an efficient way of probing these models. Interactions mediated by the exchange of scalar particles generate Spin-Independent operators (SI) that can currently probe cross sections of the order of 10 −45 cm 2 for DM particles in the range 10 GeV < m χ < 1TeV. In particular, DD will typically be more efficient that collider searches in the high-mass range, m χ 100 GeV, where collider production cross sections are significantly suppressed. However, DD will usually leave open a small window at low (m χ 10 GeV) DM masses. In this window, collider physics usually provides stronger constraints.
The gauge invariant class of models considered in this paper introduce another parameter region where direct detection searches are blind: When the masses of the scalar mediators are 7 Yukawa patterns that can yield similar enhancements for the signal of the first 2 generations can also be found in [72] [73] [74] [75] . 8 Note that this structure formally respects MFV, even though it requires a fine tuning of O( similar, interference effects will be very important [78] [79] [80] . This feature will be present in all the models we considered (in both the H+S and 2HMD+S scenarios). In fact, for degenerate mass mediators, the DD nucleon operators cancel exactly. Since this cancellation is not accidental, but rather arises from a symmetry, it should be expected to hold at loop level. 1-loop corrections were calculated for this model and were indeed found to have negligible contributions to the tree level results presented in this paper. In the case of 2HDM+S, there will be an additional source of interference: the interference between different quarks present in nucleons. For example, in Type II 2HDMs with Higgs alignment, the up and down quarks have Yukawa couplings of opposite sign, which will lead to opposite-sign contributions to the coefficient of the effective nucleon operator.
Direct detection constraints for the H+S model
This model will be strongly constrained by DD experiments, as the 125 GeV Higgs is one of the mediators. Unless the SM Higgs and second mediator masses are approximately degenerate, interference will play no role and the DD cross section will be dominated by the exchange of the SM Higgs, placing a very strong bound on the value of the mixing angle . The only relevant nucleon operator will be
with a coefficient related to those for the quark and gluon operators Starting from the Lagrangian at a high energy, we can evolve down to low energies, integrating out first s and then h, to generate the following EFT operator for light quarks:
Heavy quarks instead contribute through the gluon operator:
The coefficient of the nucleon operator 4.1 is thus
Note that in this scenario, interference effects between different quarks are not possible as all fermion couplings to the new scalar are proportional to the Yukawa couplings to the SM Higgs (with the same proportionality coefficient) 9 . DD constraints for these models are generated using tools from [81] . The left panel of Fig. 3 shows limits from LUX [82] on the mixing parameter as a function of the DM mass for y χ = 1. The solid lines assume a heavy scalar mediator (M S = 1TeV), while the dashed lines refer to a nearly degenerate scalar of M S = 150 GeV. The region excluded by invisible Higgs decays is also shown (red shaded region), which is complementary to DD, covering the low DM mass region. Finally, the blue shaded region refers to sin > 0.4, which is excluded by EW precision data [27] . In the right panel we instead fix the mixing angle to be sin = 0.4 for the solid lines, and sin = 0.03 for the dashed lines, and show limits on M S as a function of the DM mass. For sin = 0.4, one can see that there is a very large range of DM masses for which only the nearly-degenerate scenario is allowed. This permits the second mediator mass to lie close to that of the 125 GeV Higgs, with larger and smaller values both excluded. This is because the nucleon operator coefficient in eq. (4.7) is very large when mediated by the Higgs boson -hence to avoid DD constraints, we require the second scalar to have a similar mass in order to have strong cancellation between the two diagrams. For such a mixing angle, the low DM mass mass region, m χ M h /2, is excluded by Higgs invisible decays (red shaded). For a much smaller scalar mixing angle, sin = 0.03, the upper bound on the mass of the second mediator disappears, opening up the heavier-mediator region. Note that, as in this plot we are fixing the mixing angle to some fixed value, the perturbativity of the coupling λ HS together with eq. (2.6) will necessarily give an upper bound on the mass of the new scalar. Because of this, it's never possible to completely decouple the second scalar by taking the limit M S → ∞ while keeping the mixing angle value fixed.
Direct detection constraints for 2HDM+S scenarios
The direct detection formalism for this case is similar to the preceding one, however the phenomenology is different because the mass of the first scalar is not fixed to be the SM Higgs mass and the mixing angle is unconstrained from SM physics. Moreover, the Yukawa couplings of the second doublet are no longer forced to all be rescaled by the same factor, and we will check the effect of the non-standard Yukawa patterns, as described in the previous sections, including destructive interference between different quarks types.
The quark and gluon operators are now
χχqq, (4.8)
where the value of λ q depends on the specific model. For the specific Yukawa structures discussed in section 3.3, we obtain the following coefficients for the nucleon operator:
One can indeed note the presence of negative interference in the Type II scenario, and the possibility to also achieve it in the Aligned and 2-generation models, for appropriate values of γ u,d and {A, B}, respectively. This feature was present also in the H+S model, and its origin is the same; when one of the two mediators has a mass that is too low and would be excluded by DD constraints -if taken alone -one can always evade DD constraints by taking the other mediator to be nearly degenerate, thus allowing a cancellation in the nucleon operator coefficients in eq. (4.10, 4.11, 4.12, 4.13). As before, in these plots we are fixing the mixing angle and the mass of one of the scalars, thus setting an upper bound on the mass of the second scalar due to perturbativity. In this case, however, the upper bound can be increased by having a sufficiently large enough singlet vev v s . Type II
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10 100 1000 30 300 3000 1000 10 000 300 3000 Figure 4 : Direct detection limits for Type I, Type II, Aligned and 2gen 2HDMs, using LUX data. All panels assume maximal mixing between the 2 additional scalars (θ = π/4). For the Aligned model, the solid and dashed curves denote refer to tan γu and tan γ d of the same or opposite sign, respectively. For the 2-gen model with A = B = 0.01, MS2 = 500 GeV or A = ±10B = 0.1, MS2 = 500 GeV, all the parameter space is excluded except for the very degenerate region MS1 ≈ MS2, and so was not plotted.
In Type I, if one of the two mediators is light, M S 2 100 GeV, only the nearly-degenerate scenario is allowed, while progressively increasing the mass of one of the scalar opens up more parameter space in the plane M S 1 − m χ . For M S 2 = 300 GeV, one still has an upper bound on M S 1 in a certain range of DM masses. Only when M S 2 400 GeV is the other mediator allowed to be arbitrarily heavy for any DM mass. In Type II we note the effect of interference for tan β = 1 and a fixed value of M S 2 . While in Type I increasing the value of tan β leads to weaker limits, for Type II we have the opposite situation, and this is not only because the coupling to down quarks increases, but also because we have an important interference effect for tan β 1. For both the mediator masses shown, M S 2 = 200 GeV, 500 GeV (black, red), the choice tan β = 1 (dashed) always results in weaker limits than tan β = 10 (solid). An interference effect also arises in the aligned model, where we have more freedom with the couplings. In this case interference arises when tan γ d cot γ u < 0. The coefficient in Eq. (4.12) cancels when tan γ d and tan γ u are of similar magnitude but opposite sign. Of the cases displayed, we can indeed notice that interference plays an important role only for tan γ u = − tan γ d = ±1 (blue curves). Finally, in the model were we couple only the first two generations with equal couplings, we no longer have contributions from t, b quarks, but light quarks contributions can be significantly enhanced. Choosing couplings A = 0.1, B = 0.01 results in more than an order-of-magnitude increase for the limits on the scalar mediator mass, compared with the preceding cases. In this model, we can see that interference plays an important role only if A ∼ −B.
Conclusions
We have considered the class of models in which a fermion DM candidate, uncharged under the SM gauge group, interacts with SM fermions via the exchange of an s-channel scalar mediator. The single-mediator Simplified Model version of this scenario is not gauge invariant. Instead, this scenario can be realised via the mixing of a singlet scalar which couples to DM, with an SU (2) L doublet scalar which couples to SM fermions. If this SU (2) L doublet scalar is none other than the SM Higgs, this leads to a situation where all couplings of quarks and leptons to the two mixed scalars are proportional to the SM Yukawa couplings, with a universal proportionality constant set by the scalar mixing angle.
Alternatively, the singlet scalar may mix with an additional SU(2) doublet in a two Higgs doublet model. This permits much greater freedom for the masses and mixing of the scalar mediators, and their Yukawa couplings to SM fermions. In this case, the proportionality constant can be made sector dependent, taking different values for the u-quark, d-quark and lepton sectors. For example, it is possible to enhance the coupling to d-type quarks, suppress the coupling to top-quarks, or obtain a leptophilic or leptophobic model. Moreover, it is possible to obtain flavour dependent couplings without inducing large FCNCs. Such Yukawa structures would lead to very different collider phenomenology.
We calculated direct detection constraints on the H+S and 2HDM+S models, which both feature spin-independent DM-nucleon scattering. Much of the parameter space of the H+S model is excluded by direct detection data, unless either the scalar mixing angle is very small, or the mass of the new scalar is approximately degenerate with the SM Higgs, suppressing the scattering cross section via destructive interference. For the 2HDM+S model, interference of the two scalar mediators is again very important. Moreover, an additional source of interference is now provided by relative cancellations between different quarks in the nucleus. This occurs when up and down type quarks have Yukawa couplings of opposite sign, as can occur in the Type II, Aligned and 2-generation Yukawa structures we examined. As a result, unlike the H+S model, the 2HDM+S scenario has substantial parameter space that is not eliminated by direct detection.
It is clear that the phenomenology of these minimal self consistent scenarios (both H+S and 2HDM+S) is much richer than that of the single-mediator (non gauge invariant) Simplified Model. If there is a hierarchy of scalar masses, such that the heaviest decouples and interactions are dominated by the exchange of the lightest, we recover the structure of the single-mediator model from a gauge invariant framework. In general, all three scalars of the 2HDM+S scenario would mix. However, we took a generalised Higgs alignment limit, where the SM Higgs decouples and the singlet mixes only with the additional doublet. Experimental constraints on Higgs properties require that this limit is at least approximately realised, though there would be scope to relax this assumption while still abiding by current Higgs constraints. Regardless, it is evident that the s-channel scalar mediator scenario should in general be analysed in a multi-mediator context, with a minimum of two scalars.
A Unitarity, Stability and perturbativity of 2HDM+S
A.1 Unitarity and perturbativity We start with the scattering amplitude M for the scalar particles,
This matrix is hermitian, so its eigenvalues are real. The T -matrix is related to it by
The unitarity of the model is satisfied as long as the eigenvalues of T satisfy 10
This condition means that the scattering amplitude at tree level does not exceed the unitarity limit for the cross section. Looking at the Argand circumference in Fig. 5 , this means that the amplitude T lies inside the red dotted circumference of radius 1. If, however, we also want perturbativity, then we need to impose a more stringent condition [85] |Eigenvalues
where the choice of a maximum value of ξ = 1, 2 is somehow arbitrary, and this condition means that our amplitude, that is real and so is lying on the real axes, is not far away from the unitarity circle, and then the loop corrections necessary to move it inside it are small compared to the tree level amplitude 11 . The scattering matrix M is block diagonal, the blocks being related to initial and final states of same electric charge. The charge 1 block can be put in block diagonal form as
(A.5)
The charge 2 scattering matrix is instead
From A 0+→0+ and A ++→++ we get the following constraints:
where (A.12) and (A.13) can be rewritten as
Regions of the parameter space where eigenvalues of B 2 , B 3 are perturbative are shown in the left panel of Fig. 6 for ξ = 1, 2, assuming the presence of the CP2 symmetry 12 
, so that no condition depends on β. The right panel instead show the regions of parameters space where eigenvalues of B 1 are perturbative, for several values of tan β and ξ = 1 (note that the regions in this plot scale linearly with ξ). At large tan β the parameter space shrinks due to the alignment condition, and fine-tuning is necessary to guarantee the unitarity and perturbativity of all couplings. The zero-charge scattering matrix is
Or that, in other words, the Thales projection TU is very close to the tree level amplitude T , namely |TU −T | (λ3 + λ4 + λ5) when the normalization of the Lagrangian is taken to be the alternative of what we have chosen, as is done in [60] . 
All eigenvalues of A 00→00 except the ones of B 4 already satisfy perturbativity constraints in the regions where the matrices A ++→++ , A 0+→0+ do. The eigenvalues of B 4 can be checked numerically. Allowed regions in parameter space are show in Fig. 7 for tan β = 1 (left) and tan β = 5 (right), for several values of λ S . For this plot we only show the regions for ξ = 2, as very small region of the parameter space satisfies the perturbativity conditions for ξ = 1 13 . This happens because of our choice of imposing the CP2 symmetry, removing the freedom of λ 3 . We also set the value of λ 4 , λ 5 to the ones that maximise the allowed parameter space. The perturbativity constraints on λ 4,5 imply that the mass splitting between the charged scalar and the pseudoscalar can have a maximum allowed value, that is shown in Fig. 8 as a function of the charged scalar mass for ξ = 1, 2.
Note that the mass splitting in the additional doublet affects also EW oblique parameters at loop level. The most stringent constraint comes from the T parameter [86] and usually imposes much more stringent constraints on the maximum splittings
and the mixing angle θ than the ones obtained by the perturbativity limits on the couplings. All the plots in this section account for the following necessary global stability conditions:
B RGEs for 2-gen 2HDM+S
2HDM bring in the picture a lot of constraints from flavour physics. Even with our MFV approach, there are two main sources of new flavour physics: First, the presence of a new charged scalar [70] , and second the RGE running of the Yukawa couplings [76] . In models with NFC coming from a Z 2 symmetry, the structure of the couplings is stable under quantum corrections and this point does not apply [87] . Updated constrains for the Z 2 and aligned model can be found in [71] . The 2-gen model suppresses constraints coming from loop diagrams involving t, b quarks running in the loop and b, t quarks as external particles thanks to it coupling structure. We analyse here RGE runnings to check that they are indeed stable. We can write the RGE equations for a 2HDM, in their most general form, as
where k = h, H and 
We can now rewrite them under the assumption that the Yukawa matrices are approximately of the form , the set of equations can be solved in sequence:
The running of gauge coupling is described by
(B.20)
and we fix
Note thatm t has been chosen as in [76] and
The behaviour of the couplings is shown in Fig. 9 . C Near-alignment and the V ckm pattern
We now decide to work in a different framework. We can drop the alignment condition we imposed in Sec. 3.1, and instead suppose only an approximate alignment. This means, in the usual 2HDM formalism, that
where h, H are the two mass eigenstates, and h is the 125 GeV SM Higgs boson. In this case the SM Higgs h sm will not be a mass eigenstate, like when we have perfect alignment, but rather a mixture, as it is related to the Higgs basis by a rotation
where H ⊥ is the linear combination orthogonal to the SM one. We can then rewrite Eq. Particle U (1) where is such that 15 1 GeV v sin 100 GeV → 2.5 tan (β − α) 250. (C.8)
We can then assume the Lagrangian has either an additional global U (1) or Z 4 symmetry, with the charges listed in Tab. 3 (the real scalar needs to be promoted to a complex scalar to give it a U (1) charge). With such symmetries SM fermions are forced to couple only to one of the two doublets of Eq. (C.6), (C.7). We can use these symmetries to discard some terms in the scalar potential, even though we may want to retain soft breaking terms. With the Z 4 symmetry, we can see that this model is equivalent to up-type BGL models [89] . Thus FCNC are absent at tree level in the up sector, and are only present in the down sector, suppressed by CKM matrix entries. The patterns of the U u|L,R matrices that diagonalise the Yukawa matrices are, in the case of the Z 4 symmetry, are In this way, we can choose not only y t , but also y c to be of order one, and thus the smallness of the lighter quark masses could be explained not by a tiny value of their Yukawa coupling, but rather by the smallness of v 2 . In this context, the coupling of the charm quark to the 125 GeV Higgs boson would result in being much smaller than the SM, but this is compatible with current experimental results [90] . Moreover, in [91] there is a claim of the presence of fine-tuning in the CKM matrix, given the smallness of |V 13 | 2 + |V 23 | 2 . This framework complied with one of the possible explanations of this alignment present in the CKM matrix proposed in [91] -however the magnitude of FCNC both at tree and loop level of this model should be analysed and may provide additional constrains on the allowed values of . The BGL model induces such FCNC at tree level with couplings for the second doublet given by 16 the off-diagonal elements of where N d is the matrix defined in [31] :
Using the limits from [88] we get that 17 sin 2 > 0.56 × 500 GeV cos 2 θ M 2
(C.13)
For M S 1 = 500 GeV, θ = π/4 and M S 2 M S 1 , one has sin > 0.2, cos < 0.98, cot = tan(β − α) < 4.8.
(C.14) 16 We neglect CP violation also here. 17 Note that here we are considering the most favourable scenario, where hsm is a mass eigenstate, and H ⊥ is mixing with the singlet, or, in other words, that S, written as linear combination of mass eigenstates, does not contain the 125 GeV Higgs boson. In general, one will need to consider a full 3 × 3 mixing for the 3 scalars.
